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Synopsis

We investigated the linear melt viscoelasticity and the crystallization kinetics of a series of model
poly�ethylene oxide� stars with different functionalities �f =4–32 arms� and moderately entangled
arms �their molecular masses ranging from 5.5 to 12 kg/mol�. The limited data in the
homogeneous state indicated that the zero-shear viscosity �0 was adequately described by the
Milner–McLeish model for functionalities f �32, where the core effect is insignificant; a similar
behavior was observed for the recoverable compliance Je

0 which depended on both the molecular
weight and the number of the arms. Below the melting point, the isothermal crystallization was
measured with differential scanning calorimetry and rheology, and analyzed in terms of the Avrami
theory, expanding over a wide range of temperatures. The results were supported by additional
polarizing optical microscopy data and indicated a slower crystallization kinetics of the stars
compared to their linear analogues. They showed a strong dependence of the crystallization rate on
the arm molecular weight, whereas the available experimental evidence is suggestive of some
functionality dependence as well. © 2007 The Society of Rheology.
�DOI: 10.1122/1.2751076�

I. INTRODUCTION

Star polymers are known to be the simplest model branch polymer, and to this end
they have been studied extensively. In particular, their linear viscoelastic properties have
been investigated in detail, both theoretically and experimentally, as a function of arm
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number �functionality, f� and molecular weight �Milner and McLeish �1997, 1998�; Kap-
nistos et al. �1999�; Vlassopoulos et al. �2001��. The most studied polymers are amor-
phous flexible chains, and in particular polyisoprene �Fetters et al. �1993�; Pakula et al.
�1996�; Qiao et al. �2006��, 1,4-polybutadiene �PB� �Roovers �1985, 1991a, 1991b�;
Toporowski and Roovers �1986�; Pakula et al. �1998�� and polystyrene �PS� �Masuda
et al. �1971�; Graessley and Roovers �1979�; Roovers �1985�; Ohta et al. �1986�; Clarke
et al. �2006��, although there are reports on other polymers, such as hydrogenated polyb-
utadiene �Raju et al. �1979�; Pryke et al. �2002��, polyisobutylene �Santangelo et al.
�1999�� and various blends �Watanabe et al. �2006��. It has been observed that in the limit
of low functionality f �up to 16 arms or so� the viscoelastic properties of star polymers
depend on the arm molecular weight �Vlassopoulos et al. �2001��, but not on f; in such a
case, the stars relax via arm relaxation. However, for stars with f �32 a slow mode was
observed in addition to the arm relaxation, and attributed to the center-of-mass motion of
the whole star �Kapnistos et al. �1999��. This slow mode in stars affects the terminal
relaxation, and for f =32 it cannot be clearly decoupled from the arm relaxation �Roovers
�1991a��. At the same time, most of the available data concern stars with a high number
of entanglements per arm �typically above seven�, i.e., in the regime where tube-model
theories work well. It seems therefore appropriate to investigate different star polymers
with different chemistry as well as intermediate functionalities and arm molecular
weights. Besides their rheological interest as model branched systems and their useful-
ness for the development and evaluation of theoretical models �McLeish �2002, 2003�;
Slot and Steeman �2005��, star polymers are also of great industrial importance �Zhao
et al. �2003��.

On the other hand, star polymers can be also viewed as model branched systems �the
simplest possible� for studies of polymer crystallization. Branching has important impli-
cations in commercial polymers �typically, long chain branched polyethylenes crystal-
lize�. The important open problems in this field relate to the mechanism by which poly-
mer chains crystallize �Heck et al. �2000�; Iwata �2002��, the rheology of polymers
during crystallization �Acierno and Grizzuti �2003�; Tanner �2003��, the possible analo-
gies among different crystallizing soft matter systems �Strobl �2000�� and the flow-
induced crystallization �Floudas et al. �2000�; Kornfield et al. �2002�; Lellinger et al.
�2003�; Coppola et al. �2004�; van Meerveld et al. �2004�; Hadinata et al. �2005�; Ku-
maraswamy �2005�; Kumaraswamy et al. �1999��. Furthermore, star-shaped and dendritic
biocompatible polymers are of immense importance in drug delivery �Merrill �1992�;
Fréchet and Hawker �1996�; Stiriba et al. �2002��.

Systematic studies on the role of the degree of branching and of the branch molecular
weight in the crystallization of branched polymers are still lacking, although even re-
cently a number of studies have been carried out on branched polymers �Cheng and Su
�1993�; Risch et al. �1993�; Lambert and Phillips �1994�; Righetti and Munari �1997�;
Floudas et al. �1998�; Chen et al. �1999�; Jayakannan and Ramakrishnan �1999�; Nuñez
et al. �2004�; Bustos et al. �2006��. This is due, in part, to the complexity of the problem
and the lack of well-defined branched polymers. Again, star polymers possess a great
advantage for such systematic studies, being the simplest polymers of this kind. Never-
theless, the crystallization of star polymers has been considered only in a very limited
number of works �Risch et al. �1993�; Floudas et al. �1998�; Chen et al. �1999�; Nuñez et
al. �2004��. Floudas et al. �1998� focused their attention on the crystallization of a model
tri-arm star block copolymer of polystyrene-polyethylene oxide-poly��-caprolactone�
�PS-PEO-PCL�. This semicrystalline star copolymer was investigated by means of small
angle x-ray scattering �SAXS�, differential scanning calorimetry �DSC�, microscopy and
rheology. The system was very interesting, albeit complex, given the enthalpic interac-
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tions between the unlike blocks and the propensity of both blocks to crystallize with the
latter inducing a macrophase separation between unlike crystals. Furthermore, these star
copolymers allowed analyzing the effect of the PCL molecular weight but not of the PEO
molecular weight and of the functionality on the crystallization kinetics. Nuñez et al.
�2004� studied by means of DSC and wide angle x-ray scattering �WAXD� a series of
PCL stars with different functionalities �8, 24, 32� and arm molecular masses
�1600–9200 g/mol�. These authors focused their attention on the thermodynamic param-
eters of the crystallization �crystal thickness and structure, equilibrium melting point�.
They observed a depression of crystallinity in the star polymers, which was particularly
strong in the hyperbranched case and higher equilibrium melting points than those of the
linear analogues. Kinetic and thermodynamic parameters of the crystallization of linear
and star-branched nylon-6 have been studied by Risch et al. �1993� as a function of
branch-point functionality and temperature. These authors did not observe any significant
difference in bulk crystallization rates as a function of crystallization temperature or
absolute crystalline percentage between linear, three-arm and six-arm samples with iden-
tical thermal history. Equilibrium melting points obtained from the Hoffman and Weeks
�1962� analysis were also reduced in star-branched nylon-6 compared to the linear poly-
mer of comparable molecular weight. Although the general spherulitic superstructure
appeared unaffected by increasing branch-point functionality up to six, irregularities in
lamellar structure were implied by SAXS experiments on samples with branch-point
functionality as low as three. Chen et al. �1999� studied the crystallization, melting, and
annealing behaviors of three- and four-arm PEO stars. These stars had all identical arm
molecular mass �2220 g/mol�, just above the PEO entanglement molecular mass
�1600 g/mol� �Fetters et al. �1994��. Diffusion in the melt of these star PEOs, as mea-
sured by nuclear magnetic resonance, showed that at constant temperature the self-
diffusion slows down with increasing functionality. Furthermore, based on WAXD ex-
periments, the authors concluded that these star PEOs possessed monoclinic crystal
structures identical to those of linear PEOs, implying that the coupling agents were
rejected from the crystals. The overall crystallization rate of the star PEOs, investigated
by means of DSC and simultaneous WAXD and SAXS measurements, decreased with
increasing crystallization temperature �Tc� and number of arms. However, due to the low
molecular weights of the stars with either three or four arms, no definite conclusions on
the effects of number of entanglements per arm and functionality could be drawn. The
important role of the entanglements on the crystallization behavior �kinetics and final
order� of polymers has been widely discussed in the literature �Hoffman �1982�; Hoffman
and Miller �1988�; Hoffman and Miller �1997�; Psarski et al. �2000�; Iwata �2002�;
Yamazaki et al. �2002�; Seguela �2005�; Yamazaki et al. �2006��. In particular, Hoffman
and co-workers �Hoffman �1982�; Hoffman and Miller �1988�� developed a theory of
polymer crystallization based on the concept that the crystallization driving force “pulls”
the chain �or a part of it� from the amorphous bulk on the solid-liquid interface via a
reptation-like mechanism. This approach yielded a Mz

−1 scaling law for the crystallization
growth rate, in satisfactory agreement with experimental data for a series of linear poly-
ethylene fractions �Mw from 2.65�104 to 2.04�105 g/mol�. More recently, an experi-
mental method �Psarski et al. �2000�; Yamazaki et al. �2002, 2006�� was proposed to tune
entanglement density in the melt. Extended chain single crystals of polyethylene were
obtained by means of high-pressure crystallization and subsequently melted for short
annealing time ��15–20 min� at high temperature �160 °C�. In this way, a polymer melt
with entanglement density lower than the equilibrium value was obtained, as the com-
plete reentanglement of the extended chains required longer times. It was shown experi-
mentaly that disentangled chains crystallize faster �Psarski et al. �2000�; Yamazaki et al.
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�2002, 2006��. In fact, an exponential dependence of the nucleation rate on the entangle-
ment density was determined, whereas the temperature dependence of the nucleation
process was nearly independent of the entanglement density �Yamazaki et al. �2002,
2006��. Very recently McLeish �2007� argued that the free energy barrier that governs the
transition from a molten, but only marginally overlapping single crystal state to the
equilibrium state, is enhanced as the molecular weight increases; this could explain recent
experiments by Rastogi et al. �2003�, suggesting the creation of heterogeneous polymer
melts from the controlled melting of single crystals.

From the preceeding discussion, it becomes evident that semicrystalline PEO star
polymers of intermediate functionalities �4–32� and number of entanglements per arm
�3–7� are ideal candidates for addressing the issues mentioned above, concerning the
viscoelastic properties in the �homogeneous� melt and the kinetics of crystallization as
well as their dependence upon chain molecular weight and architecture.

Recently, Comanita et al. �1999� synthesized anionically well-characterized star PEOs
of varying functionality and arm molecular mass. In this work, we explore the viscoelas-
tic and crystallization behavior of these PEO stars. In line with recent studies on polymer
crystallization �Khanna �1993�; Floudas and Tsitsilianis �1997�; Floudas et al. �1998�;
Pogodina and Winter �1998��, the present investigation relies on rheological measure-
ments to investigate the crystallization kinetics of the stars. Rheology has the advantage
of being very sensitive to any structural change that affects the flow behavior. It allows,
for example, measuring crystallization kinetics during its early stages with a very small
amount of crystallinity developed. Rheological measurements are also helpful when the
crystallization at low undercooling has to be detected as in this condition the crystalliza-
tion is quite slow, which implies low heat flow. Complementary polarizing optical mi-
croscopy �POM� and DSC measurements of the crystallization behavior were also carried
out and their results were compared with the rheological information.

II. EXPERIMENT

A. Materials

Five samples of poly�ethylene oxide� �PEO� stars and three of linear PEO chains �for
comparison� were employed in the present study. The anionic synthesis involved the
preparation of a multifunctional preinitiator from which, on activation, the polymeriza-
tion of the arms started simultaneously; the fast equilibration between OH− and O−

anions guaranteed the synthesis of narrow molecular weight distribution arms. The arms
the EO units were facing outwards and each arm was terminated by a OH group. Further
details about the synthetic methodology and characterization of the star PEOs are pro-
vided in the reference by Comanita et al. �1999�. The stars are presented in Table I and
characterized by their functionality, f , the polydispersity index, the arm molecular mass
Marm, and the number of entanglements ne=Marm /Me, where Me is the molecular mass
between entanglements �1600 g/mol �Fetters et al. �1994���. Note that, in Table I the
linear polymers are considered as effective two-arm “stars” �f =2�; therefore the “arm”
molecular mass reported for the linear polymers corresponds to one half of the weight-
average molecular mass Mw of the whole chain.

B. Methods

All rheological measurements were carried out by means of a Rheometric Scientific
controlled strain rheometer �ARES-2KFRTN1, equipped with a dual range force rebal-
ance transducer�. A parallel plate �diameter 8 mm, sample thickness 0.4−0.8 mm� geom-
etry was used for the crystallization experiments. Note that for some of the rheological
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measurements in the melt state a cone-plate geometry �25 mm, 0.04 rad� was also used.
A convection oven with nitrogen gas was used for temperature control, with a tolerance
of less than ±0.1 °C. During the thermal history experiments, the gap was always ad-
justed to account for the pre-calibrated tool �INVAR� thermal expansion.

The structural evolution of the sample during the crystallization process was moni-
tored rheologically using the following experimental protocol �in Fig. 1 a specific case,
16F9, is graphically reported as an example�. After an annealing period of 10 min at
348 K, a cooling down to the crystallization temperature Tc was applied �in the case of
Fig. 1 it was 326 K�. In order to avoid significant undershoots below the Tc, the cooling
phase was composed of the following steps: a cooling ramp �−5 K/min� until 333 K, an
isothermal period of 600 s and a successive ramp �−3 K/min� until the selected crystal-
lization temperature Tc. The sample was kept at this temperature for a period tc− t0 where
t0 is the time at which the crystallization temperature had been achieved. During the
whole experimental time a multiple wave dynamic test was performed. This test is
equivalent to simultaneous time sweeps at different frequencies for a given temperature.
Indeed, the total linear strain applied on the sample is the sum of several independent

TABLE I. Molecular characteristics of the PEO samples used.

Sample f Mw /Mn

Marm

�g/mol� ne=Marm /Me

32F6 32 1.08 6188 3.8
32F12 32 1.09 11,906 7.3
16F9 16 1.07 8875 5.5
8F11 8 1.07 10,625 6.5
4F5 4 1.06 5475 3.4
L20 2 1.1 10,000 6.2
L23 2 1.15 12,300 7.6
L62 2 1.37 31,000 19.1
L100 2 1.14 47,000 28.9

FIG. 1. Evolution of the storage modulus G� ��� and the loss modulus G� ��� during an isothermal crystal-
lization experiment for the sample PEO 16F9. The crossover of the moduli G� and G� signifies the crystalli-
zation transition. From bottom to top, the data correspond to different frequencies �see text�: 36, 72, 140, and
270 rad/s. The temperature variation from 348 to 326 K with different cooling rates is also shown with a solid
curve in the figure �see text for details�.
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strain functions, each described by a sinusoidal wave with its own frequency, which is
harmonic of the fundamental � f �based on the Boltzmann superposition principle�. From
the stress response to the composite strain, the storage and loss moduli at each discrete
frequency are obtained by means of a discrete Fourier transform. Using this technique,
the experimental time needed for a single measurement is approximately given by 1.5
periods of the fundamental frequency. It is then possible to sweep a range of approxi-
mately three decades of frequencies in a fraction of the time required for a normal
dynamic frequency sweep. Therefore, the use of the MultiWave test is particularly ad-
vantageous for systems changing with time.

The differential scanning calorimetry �DSC� measurements were performed in a PL-
DSC �Rheometric Scientific� with continuous flow of nitrogen gas in order to prevent any
thermal degradation of the polymer, and well-defined protocols were followed: the test
sample was annealed for 10 min at high temperature �348 K�, then quenched to the
selected crystallization temperature at rates in the range of 15 K/min and kept there until
the isothermal crystallization was completed. By subsequent heating to 348 K at
5 K/min, the temperature corresponding to the endothermic peak �apparent melting tem-
perature, Tm� � was determined.

Polarizing optical microscopy �POM� images were obtained using a Ziess Axioskop 2
optical microscope together with a Linkam heating stage �THMS 600� and a TP93 tem-
perature programmer. The crystallization in real time was followed by a charge coupled
device camera �1/2 in. SONY color camera� and a fast frame grabber. The analysis with
respect to the nucleation density, growth rates and superstructure shapes were made with
an appropriate software �Image Pro Plus�. Experiments were made by first heating the
samples to 353 K following quenches to different final crystallization temperatures.

III. RESULTS AND DISCUSSION

A. Rheology

The linear viscoelastic characterization of the star and linear PEOs was carried out at
333 K. This temperature is already below the melting point of PEO and is the lowest at
which the crystallization is still extremely slow for all the samples. Indeed, in the tem-
perature range 323–329 K crystallization sets in within the period required for the rheo-
logical testing. On the other hand, at 333 K the usual range of frequencies available with
the rheometer �0.01–100 rad/s� fell already in the terminal flow region of the star PEOs.
For this reason there was no need to raise the temperature; besides, the torque was
marginal already at 333 K, and it was possible to measure the dynamic moduli over a
small frequency range. In particular, we obtained reliable measurements of the storage
modulus for only two PEO stars. The dynamic frequency sweep data are depicted in Fig.
2�a� and fall in the terminal region. As already observed in previous works �Graessley
and Roovers �1979�; Fetters et al. �1993��, the dynamic moduli are monotonic functions
of the arm molecular weight. At the same time, the behavior of the linear samples also
depends strongly on the molecular weight �Doi and Edwards �1986�� �Fig. 2�b��. Again,
under the present experimental conditions the terminal region was visible for all samples.

From the available data, the zero-shear viscosity and the recoverable compliance were
determined �Ferry �1980��. The former data are plotted in Fig. 3 �normalized with the
plateau modulus and the Rouse time of an entanglement, as discussed below�. The results
for the linear samples follow expectedly the classical scaling �Doi and Edwards �1986��
with ne

3.4 �continuous line in Fig. 3�. The values of the viscosities for the stars and the
linear chains are in good agreement in the limit of low ne confirming internal consistency
of the data. The data indicate that the main role in determining the zero-shear viscosity is
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played by the arm molecular mass �i.e., the degree of entanglement ne� but they also
suggest that even at these modest degrees of functionality �f �32� there may be a slight
effect of the number of arms on the zero-shear viscosity. A similar behavior was reported
for the zero-shear viscosity of 4-, 18- and 32-arm PB stars �Roovers �1985, 1991a�;
Toporowski and Roovers �1986��; the zero-shear viscosities of the 32 arm PB stars were
indeed higher. For f �64 the stars’ properties were affected by the formation of a soft
core �Pakula et al. �1998�; Kapnistos et al. �1999�; Vlassopoulos et al. �2001��.

A tube-model theory for the stress relaxation in amorphous star polymer melts with
low functionality was recently developed by Milner and McLeish �1997, 1998� and
proved successful in predicting their viscoelastic behavior �Pakula et al. �1998�; Kapnis-
tos et al. �1999�; Santangelo et al. �1999�; Vega et al. �2002��. This theory has only three
parameters, the entanglement molecular weight Me, the plateau modulus GN

0 and the
Rouse time of an entanglement 	e. These parameters can be determined from independent
measurements on the corresponding linear polymer in the rubbery and transition region,
respectively �Milner and McLeish �1997��. Me is determined from the plateau modulus
through GN

0 =4/5
RT /Me �Doi and Edwards �1986��. In this work, 	e and Me could not
be determined from the rheological data due to their limited frequency range. Alterna-
tively, 	e was extracted from the monomeric friction coefficient � through the relation
	e=1/3�2� ·Ne

2b2 /kBT �Doi and Edwards �1986��, where Ne is the number of statistical
units per entanglement, b is the statistical segment length, kB is the Boltzmann’s constant
and T is the absolute temperature.

In Fig. 3, the normalized zero-shear viscosity data of PEO stars are depicted against

FIG. 2. Dynamic frequency sweeps of star PEO �a� and linear PEO �b� samples at 333 K. Filled symbols:
storage modulus, G�. Empty symbols: loss modulus, G�. Lines with slopes 1 and 2 indicate the terminal scaling
for G� and G�, respectively.
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the number of entanglements per arm, along with respective literature data on PB stars
�Roovers �1985, 1991a�; Toporowski and Roovers �1986�; Pakula et al. �1998��. The
Milner-McLeish predictions, indicated with the line through the data and obtained with a
dilution exponent of 4 /3, are satisfactory. For comparison, the linear PEO data are also
included in this figure, and shown to follow the 3.4 scaling. For the PB stars, the experi-
mental values used were self-consistent �Roovers �1985, 1991a�; Toporowski and
Roovers �1986�; Pakula et al. �1998��. For the PEO stars, because of the limited available
experimental range, the procedure followed in this work was to retain the value of Me

above and GN
0 �1.45�106 Pa at 333 K� �Fetters et al. �1994�� and use the time 	e as the

only adjustable parameter in order to fit the data. Fitting the zero-shear viscosities of the
4 arm star PEO, a value of 3.45�10−8 s is extracted; furthermore, using this value, as
well as b=0.73 nm and Ne=24.6, we extract a value for the friction coefficient �
=1.5·10−11 N s/m. The 	e and � values are very close to those obtained �5.4�10−8 s and
2.29·10−11 N s/m� from the recent PEO data reported in the literature �Haley and Lodge
�2005��. This gives confidence for the self-consistency of our approach. To demonstrate
the universality �even in the limit of few entanglements� and the wide range of applica-
bility of the Milner-McLeish model, we added in Fig. 3 literature data from 32 arm PBs
with higher ne.

Concerning the recoverable compliance, data for only two PEO stars with highest ne

�32F12 and 8F11� are presented, due to torque limitations and phase angle artifacts. The
data have been normalized with the plateau modulus, and are reported in Fig. 4, along
with the literature data on other PB stars, as well as data for the linear chains. For the
linear PEO chains with modest to high ne, Je

0 is found to be nearly independent from ne,
as already reported in the literature �Ferry �1980�; Graessley �1993�; Doi and Edwards
�1986��. On the other hand, the limited star data conform to the increasing trend of Je

0

with arm molecular weight, due to the broadening of the modes distribution �Watanabe
�1999��. In Fig. 4 a comparison is also attempted with some normalized data on PB stars

FIG. 3. Zero-shear viscosity �normalized with the plateau modulus and the Rouse time for an entanglement� for
linear and star PEOs at 333 K �symbols explained in the bottom right part�, plotted against the number of
entanglements per arm �a linear polymer is considered as having two arms�. Literature data on 1,4-
polybutadiene stars �Roovers �1985, 1991a�; Toporowski and Roovers �1986�; Pakula et al. �1998�� are also
included for comparison �symbols in top left�. Note that the data for the high-functionality PB stars �f =64 and
128� correspond to the arm relaxation time, i.e., the earliest of the two terminal modes �the slower being the
center-of-mass motion�. The line through the data is the Milner-McLeish �1998� theory with a dilution exponent
of 4 /3.
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�Roovers �1991a�� and with the predictions of the Milner-McLeish theory. Naturally, the
latter does not account for any dependence of the viscoelastic properties on the number of
arms. We also remark that in the range 4� f �32 there is a weak effect of functionality;
however, beyond f =32 the effect is clearly stronger, as also suggested by the inset of Fig.
4, which depicts the slope of the Je

0 vs. ne data as function of the star functionality.

B. Crystallization

Following the experimental protocol explained in the Experimental section �Methods�,
for each crystallization temperature Tc the temperature corresponding to the endothermic
peak �known as the apparent melting temperature Tm� � was reported. According to Hoff-
man and Weeks �1962�, the intercept of the regression line of the experimental data with
the line Tm� =Tc gives the equilibrium melting temperature Tm

0 of the polymer. The deter-
mination of Tm

0 by means of the Hoffman-Weeks method is subject to the validity of the
following assumptions for the thickness � of the lamellae:

� =  · �* �
1

Tm
0 − Tc

. �1�

� = constant on heating, �2�

where  is a constant, �* the thickness of the critical nucleus �Hoffman et al. �1959�;
Hoffman and Weeks �1962��, and Tc the crystallization temperature. As reported by
Yamada et al. �2003a, 2003b�, these assumptions are not always valid and in such a case
the Hoffman-Weeks method does not give correct results. Although subject to the above-
mentioned limitations, this procedure was followed in this work in order to get a rough
estimate of the equilibrium melting temperature of the stars with respect to the linear
PEO’s. The results for the ideal melting temperatures are reported in Table II, whereas
Fig. 5 depicts the Hoffman–Weeks procedure. Given the uncertainties and limitations
discussed, these results conform well to the ideal melting temperature determined in the

FIG. 4. Normalized recoverable compliance �with the plateau modulus� for linear and star PEOs as function of
the number of entanglements per arm �a linear polymer is considered as having two arms�. For comparison, data
on PBd stars �Roovers �1985, 1991a�; Toporowski and Roovers �1986�; Pakula et al. �1998�� are also presented.
The solid line is the MM theory. The dotted lines are drawn to guide the eye. Inset: The extracted slope of Je

0GN
0

plotted against the star functionality.
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literature for linear PEO �Floudas and Tsitsilianis �1997��. A direct comparison of the
various sets of experimental data in Fig. 5 suggests a lower apparent melting temperature
at all crystallization temperatures for the stars as compared with the linear ones and a
slight increase of the Tm� with increasing arm molecular weight as in the linear samples.
The latter can be understood in terms of a thickening of the crystalline lamellae when the
arm molecular weight is increased.

The evolution of the relative degree of crystallinity was extracted by means of DSC
experiments, integrating the exothermic peak, after normalization with the respective
limiting value at long times as

1 − X�t� =
�H� − �Ht

�H� − �H0
, �3�

where �H� and �Ht are the latent heat on complete crystallization and after time t,
respectively.

In Fig. 6 the exothermic peaks of the different samples at 321 K are shown as an
example. In the inset the time evolution of the relative degree of crystallinity, X�t�, for all

TABLE II. Ideal melting points determined from the Hoffman–Weeks
plot �Fig. 5� and Avrami parameters for star PEO �321 K� and linear PEO
�326 K�.

Sample Log10 Z n Tm
0 �K�

32F6 −4.80 1.9 343.5
32F12 −4.06 1.9 343.6
16F9 −4.15 1.9 342.4
8F11 −4.08 2 345.6
4F5 −5.77 2 338.6
L23 −5.27 2 346.0
L62 −4.03 2 351.4

L100 −4.96 2 345.7

FIG. 5. Hoffman–Weeks plot for linear and star PEOs from isothermal DSC experiments. The solid line has a
slope of 1; the dashed line shows the approximate Tm

0 for sample 32F12.
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the samples is also plotted. The evolution of X�t� is analyzed in the usual way, i.e., using
the Kolmogorov-Avrami-Evans �KAE� equation �Kolmogoroff �1937�; Avrami �1939,
1940, 1941�; Evans �1945��:

X = 1 − exp�− E�t�� , �4�

where E�t� denotes the volume of the “phantom crystals” grown up to time t �Avrami
�1940��. Assuming that a single mechanism of crystallization is taking place under iso-
thermal steady state conditions, a simple expression for E�t� is often used

E�t� = Z · tm, �5�

where Z includes the kinetic parameters of nucleation and growth and the Avrami expo-
nent m is the sum of the order of the time-dependent nucleation process �0 for athermal
and 1 for thermal� and of the number of dimensions in which the growth is taking place.
In order to extract the parameters of the KAE equation �Eq. �4��, a fitting of the experi-
mental data in the so-called Avrami’s plot �inset of Fig. 6� is needed. The Avrami ap-
proach is not valid for high values of crystalline degree X�t� where impingement and
secondary crystallization play a significant role. The parameters of the PEO stars are
reported in Table II for the case shown in Fig. 6. The PEO stars as the linear PEO’s have
an Avrami’s exponent close to 2, which implies disk-like growth from athermal nuclei
�i.e., the initially formed crystals have a disk-like shape�. The latter conclusion is based
on separate kinetic experiments with polarizing optical microscopy. Therefore chain to-
pology does not alter significantly the Avrami exponent but, as we will see below, it does
affect the rate constant Z. Note that the initial disk-like crystals are finally incorporated
into spherulitic macroscopic objects.

In parallel, the evolution of the relative degree of crystallinity for the linear PEO
chains was also studied. Again, the Avrami plot was used to extract, by means of regres-
sions, the parameters for the Avrami equation, and the results are reported in Table II. The
three linear samples have similar Avrami exponents, close to 2. This is similar to the stars
case, suggesting that the growth of crystallinity is qualitatively similar for the stars and
the linear chains.

FIG. 6. Isothermal DSC curves of star PEO samples at 321 K �symbols in the figure�. Inset: Avrami plot:
Respective evolution of the relative degree of crystallinity �same symbols as in main figure�. Solid lines are the
fits to the data.
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From the evolution of the relative degree of crystallinity X�t�, the crystallization rate
can be evaluated by determining the time t1/2 required for the crystallinity, as obtained
from DSC, to reach half of its final value. This parameter can be easily expressed in terms
of the two Avrami parameters Z and m

t1/2 = � ln 2

Z
�1/m

. �6�

The half crystallization time can be determined from rheology as well. However, a
direct comparison of the crystallization kinetics from rheology and DSC requires extract-
ing the volume fraction of the time-dependent crystalline fraction �c�t�. In this respect we
describe the rheological response by assuming a two phase system comprising an amor-
phous matrix and a spherulitic structure whose relative contribution evolve with time.
Different models have been proposed to account for the rheological response of such
composites but the simplest and limiting cases are the “series” and “parallel” models
�Floudas and Tsitsilianis �1997�; Alig et al. �1998��. In the series �parallel� model the
compliance �modulus� of the two phase system is expressed as a linear combination of
the compliances �moduli� of the constituent phases as

J* = �1 − �S�Ja
* + �SJS

*,

G* = �1 − �S�Ga
* + �SGS

*, �7�

where �S�t� is the volume fraction of spherulites and Ja
* �Ga

*� and JS
* �GS

*� are the com-
pliances �moduli� of the amorphous �t=0� and spherulitic �t=�� phases, respectively.
Then by further assuming a constant ratio of amorphous to crystalline component in the
spherulite interior, the time dependence of �s�t� can be obtained from

�S�t� = 1 − e−Ztm. �8�

Note that Eq. �8� is analogous to Eq. �3�.
The results for the half crystallization times t1/2, determined by DSC and rheology, are

reported in Fig. 7�a�. Regarding the rheological data, the half crystallization times t1/2

were determined by applying the series and parallel models to complex compliance J*

and modulus G* evolution during the crystallization process. In all cases, the results of
the two models were quite close. Figure 7�a� depicts the data from the parallel model
�which gives the longest rheological values for t1/2�, plotted against the supercooling,
Tm

0 −T. The rheological measurements indicate a stronger temperature dependence of the
t1/2. On the other hand, this could be related also to the different range of temperatures
explored. In the temperature range where it was possible to carry out both kinds of
measurements at the same temperature, the data for the t1/2 were always of the same order
of magnitude. We note for completeness, that the differences between the two models in
extracting t1/2 are small but non-negligible �at most a factor of 2�, but they do not
influence the results and the comparison of the different polymers �Floudas et al. �1994�;
Floudas et al. �1996��. Furthermore, there seems to be no change of G at long times, even
after prolonged annealing �Floudas �1997��. This suggests that, despite G being very
sensitive to spherulitic growth, is not sensitive to the secondary crystallization. This is
partially seen in Fig. 1, where the long-time G� value does not change with annealing
time.

In Fig. 7�b� we plot the results from the linear growth rates obtained from POM for
three of the stars in comparison to a linear PEO L20; actually, what is plotted is the
product of the growth rate and the extrapolated zero-shear viscosity against the temper-
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atue. Both DSC and POM results display a strong dependence of the kinetics on the chain
topology �i.e., crystallization in stars is always slower than for linear chains if compared
at the same temperature� and only a weak dependence on functionality. Furthermore, the
temperature does not influence the crystallization kinetics �the growth rate�, i.e., at all
temperatures investigated the star kinetics are equally slower than for the linear chains. A
last remark concerns the plot of Fig. 7�b�, where the difference among the normalized
growth rates may reflect the different energetic barriers for crystallization, but we note
the absence of a systematic change. Same conclusions are drawn if these rates are plotted
against the supercooling Tm

0 −T �not shown here�.
The differences observed among the t1/2 curves of the stars in Fig. 7 can be related

primarily to the arm molecular weights, whereas a much weaker effect of functionality
cannot be ruled out; such an effect could be possibly imputed to secondary crystallization
processes, in analogy with earlier observations on long-chain branched polyethylene
�Bustos et al. �2006��. However, the data are not sufficient �not high enough functional-
ities� to establish such an effect, and the rheology data appear more sensitive to this than
the DSC and POM data. Indeed, a significant dependence of the crystallization kinetics

FIG. 7. �a� Half crystallization times for linear and star PEO samples. Empty symbols: DSC. Filled symbols:
Rheology �the latter data are results of the parallel model�. �b� Linear growth rates times zero-shear viscosities
as functions of temperature �growth rates obtained from POM�.
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on the molecular weight has already been reported in the literature in the case of the
linear polymers. Actually, for linear polyethylene in the molecular mass range 2.65
�104–2.04�105 g/mol, the growth rate becomes lower with increasing Mw �Hoffman
�1982��. However, in a very systematic experimental study on polyethylene fractions
spanning on a wide range of Mw �2.9�103–8�106 g/mol�, a nonmonotonic dependence
of the crystallization rate on the molecular weight was observed �Ergoz et al. �1972��. In
particular, these authors found that increasing Mw the crystallization rate first increases
rapidly then passes through a maximum and eventually decreases until reaching a pla-
teau. This behavior was especially evident at low undercoolings.

The experimental data relative to the two stars with 32 arms �32F6 and 32F12� indi-
cate that, in the range of arm molecular weight explored, the crystallization rate is en-
hanced when Marm is increased. In addition, a weak effect of functionality on the crys-
tallization kinetics can be observed. Considering, for example, the samples 8F11 and
32F12 we observe that their melting temperatures are very similar �Fig. 5� and their
crystallization rates are instead different �Fig. 7�. Note that in previous works, branching
was recognized to have a retarding effect on crystallization and in many cases to decrease
the amount of crystallinity �Cheng and Su �1993�; Lambert and Phillips �1994, 1996�;
Chae et al. �2001�; Bustos et al. �2006��.

In closing, we present a tentative interpretation of possible effects of functionality on
the crystallization of star polymers. As mentioned in the Introduction, Hoffman and
Miller �1988� applied the reptation concept to the estimation of the growth rate during
polymer crystallization and proposed that already for the linear chains the attachment of
a stem on the growing crystallite is strongly frustrated by the need for retracting the chain
from the bulk. It can be expected that the same phenomenon is even more pronounced
when the chain is connected to a branch point and the lamellar size is of the same order
of magnitude of the whole arm. The diffusion of an arm towards the melt-crystallite
interface implies the whole star motion, which is considerably affected by the function-
ality. Strong dependence of star diffusivity on functionality has indeed been reported in
the literature for homogeneous, amorphous systems �Chen et al. �1999�; Vlassopoulos et
al. �2001��. Chen et al. �1999� measured diffusivities of PEO stars having the same arm
molecular weight but different functionality as a function of temperature. These authors
found that the diffusivities followed the same temperature dependence, which could be
described in terms of an Arrhenius equation

D = D0 exp�−
Ea

kBT
� , �9�

where D0 is a temperature-independent �reference� diffusion constant and Ea

��30 kJ/mol� is the activation energy for diffusion. The latter was identical for the PEO
stars and the linear chains, however D0 was found to be a strong function of functionality
�decreasing with increasing functionality�. This finding, along with the weak dependence
of t1/2 on star functionality suggests that the main effect of chain topology is to alter D0.
Chain topology, on the other hand, has minor effects on the temperature dependence on
the half-crystallization time and crystal growth rates. Indeed, all star and linear PEO
samples studied here, despite exhibiting strong differences in the crystallization kinetics,
do show similar dependencies on temperature �Fig. 7�.

IV. CONCLUDING REMARKS

The linear viscoelastic behavior of homogeneous monodisperse PEO star melts with
different functionalities and arm molecular weights was studied. Compiling the present as
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well as earlier data from the literature, we found a non-negligible dependence of the
recoverable compliance and of the zero-shear viscosity on functionality, which was at-
tributed to the effect of the central core. The dependence of zero-shear viscosity on the
number of entanglements per arm for these systems with intermediate number and mo-
lecular weight of arms, was well described by the Milner-McLeish model, with the three
molecular parameters independently justified. On the other hand, the model was less
successful with the recoverable compliance, although is was qualitatively correct. It was
established that for f �16, the functionality does affect the linear viscoelastic properties
of the star polymers.

The crystallization kinetics was investigated by means of DSC, POM and rheology
experiments. A significant dependence on arm molecular weight and only a very weak
dependence on functionality were observed. This was discussed in terms of simple argu-
ments relating the half crystallization time to the overall star diffusivity, the latter de-
pending on the functionality. The limited evidence presented here, especially concerning
the arm functionality, should trigger further experimental studies on this topic, provided
that appropriate model samples are available. A remaining challenge relates to whether
the crystallization takes place by disentanglement process of the arms followed by chain
folding and aggregation of the arms from the same star or between the different stars.
This has been partly addressed in the literature with respect to star systems comprising of
two crystallizable blocks �PEO and PCL� �Floudas et al. �1998��. Crystallization involved
first the separation of stars where only one block could crystallize and the subsequent
crystal growth involving different stars. Similarly, our present experimental findings with
these unique, well-defined systems, are suggestive of the star/star cooperative process. It
is clear however, that further work is needed in the direction before the matter is settled.
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